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1. Introduction

As was shown in [1-3], pulsed multiline first-overtone (FO) CO laser runs within the spectral

range of 2.5-4.0 g~m considerably extended as compared to pulsed FO CO laser spectrum previously

observed in [4-9] and comparable with the spectral range of tunability for single line low-pressure cw

FO CO laser [10,11]. Output efficiency up to 5% was obtained for FO CO laser running within

relatively narrow spectral range of 2.5-2.7 prm determined by spectral characteristics of output

couplers [1-3]. It was pointed out in [1-3] that, taking into account useless optical losses for

multilayer dielectric output couplers, total FO CO laser efficiency reaches 6.0-6.5% for the laser with

such a narrow spectrum. Obviously, an extension of FO CO laser spectrum and a decrease of the

useless intracavity optical losses introduced by laser mirrors has to result in considerable increase of

the output efficiency. A potential feasibility of such an increase of FO CO laser efficiency up to 15-

20% was indicated in [7-9].

Various combinations of dielectric output couplers with low optical losses produced in the USA

were used for obtaining lasing within broad band spectral region. An achievement of FO CO laser

efficiency up to 11% is reported in the given scientific report. A comparison of experimental and

theoretical results does indicate a feasibility of further increase of FO CO laser efficiency up to 20%.

Tunable single vibrational-rotational line lasing for pulsed FO CO laser within spectral range of

-2.74-4.15 [tm was experimentally demonstrated.

2. Multiline Pulsed FO CO Laser with Output Efficiency 11%

2.1 Experimental conditions

The experiments were carried out on cryogenically cooled e-beam controlled discharge laser setup

with active length of 1.2 m and active volume of 0.85 1. The active volume was limited by diameter

of output couplers. Pump pulse length was 25 pts. Laser mixture CO:N2:He=I:9:10 at gas density

0.12 Amagat and initial gas temperature 100 K was used. The measuring procedure was the same as

in [1-3,7-9]. Home-made spectrometer was used for spectral measurements. Its description is

presented in Appendix I.

Special attention was given to dielectric output couplers, that were produced by Rocky Mountain

Instrument Co., USA. Three sets of the output couplers (two laser mirrors in one set) were used for

the laser resonator. Although the order was to have laser mirrors with high reflectivity (92, 97 and

99.9%) within spectral range of 2.4-4.2 ptm and low reflectivity lesser than 10% for that of 4.6-

6.0 gtm, bearing in mind fundamental band (FB) lasing suppression [7-9], spectral characteristics of

the laser mirrors did not correspond to our wish. However, as compared to the mirrors used in [1-3],



the new mirrors had lower useless optical losses. One can see in Fig. 1 an effective reflectivity

R=(RiRj)" 2 (i, j=l, 2) for the mirror of the equivalent symmetric laser resonator. As compared to

mirrors used in [1-3], the spectral range for the high reflectivity of the new ones was extended to the

long wavelengths region. The mirrors M98 and M99 had a radius of curvature of 15 m and 10 m,

respectively, whereas the mirror M92 was a flat one. The reflectivity of the mirrors was noticeably

irregular within -2.5-3.0 ýim spectral range (Fig.2.1). A thorough measurements of transmittance and

reflectance of the mirrors were done, the results being presented in Appendix II.

2.2 Experimental results

Such a behavior of the reflectivity led to a suppression of FO lasing within spectral intervals

corresponding to the low reflectivity (Fig.2.la-c), i.e. FO CO laser spectrum correlated with the

spectral characteristics of the laser mirrors. Very weak laser line, corresponding to 37-->35

vibrational transition with longer wavelength of 4.1 gim, than we had before, was observed when

M92+M92 set of the mirrors was used (Fig. 2.1 a). However, the output energy of the laser with this

set of the mirrors was rather low, because the effective reflectivity for the laser resonator was lower

and, besides, the laser resonator consisted of two flat mirrors instead of combination of concave and

flat mirror. FO CO laser ran on vibrational transitions from 15->13 up to 37->35 (wave length (k)

range was from 2.83 up to 4.09 gim) except transitions from 19-*-17 up to 20---18 (X=2.98 - 3.07 gim)

for mirror combination M92+M92; from 14->12 up to 35-->33 (k=2.80 - 3.93 gim) except vibrational

transition 19->17 (%=2.98 - 3.02 jtm) for mirror combination M92+M99 and on vibrational

transitions from 19->17 up to 34->32 (Q=3.00 - 3.83 jim) for mirror set M98+M98. For all the sets

of the mirrors FB lasing also took place (Fig.2.1) despite the low reflectivity (especially for

M92+M92 and M92+M99 se(s) of the mirrors for the FB spectral range. Pulse length for FO CO

laser was 1.5-6 ms and for FB CO laser 0.6-1.5 ms (on 0.1 level) depending on other conditions.

The dependencies of specific output energy (SOE) on specific input energy (SIE) delivered into

the electric discharge for the CO laser with these two sets of the mirrors M92+M99 and M98+M98

are presented in Fig. 2.2 both for FO and FB spectral ranges. Total output energy extracted from both

sides of the laser was measured The SOE -25 J/1 Amagat for the FO CO laser was obtained at SIE

-280 J/1 Amagat, when using M98+M98 set. For the same set, FB CO laser SOE reached

-20 J/1 Amagat. Output efficiency came up to 11% for FO CO laser (Fig.'2.3) going over the output

efficiency of the laser with M92+M99 set, FB CO laser efficiency reaching up to 9%. The SIE rise

up to -700 J/1 Amagat (M92+M99 mirror set) resulted in SOE -50 J/1 Amagat, output efficiency



being-8% (Fig. 2.2b). In case of M98+M98 mirror set we limited SIE because of a danger of

multilayer laser mirrors damage due to high total (FO+FB) energy density on the laser mirrors.
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Fig.2.3. Laser efficiency vs. specific input energy

(SIE) (experiment -points; theory - curves)
It should be noted that FO CO lasing was observed within initial gas temperature interval 100-

220 K, only threshold lasing being observed at 220 K and SIE'-700 J/1 Amagat (M99+M99 mirror

set).

2.3. Theoretical results

Theoretical modeling of the FO CO laser for conditions corresponding to the experiments was

performed for the combinations of the mirrors M98+M98 and M92+M99. Experimentally measured

cavity parameters (see Appendix II) were included in the model which coincide essentially with the

published earlier model [1-3,7-9]. The only difference was that at present in our model the laser

transitions in the fundamental band were included, too. Therefore, it was possible to simulate

simultaneous lasing in both bands (first-overtone and fundamental).

High values of the reflection coefficient for the mirrors made laser characteristics more sensitive

to an exact magnitude of an additional intracavity optical loss not included in the model, i. e.

diffraction loss and optical loss depending on gas refractive index gradients. In Fig. 2.3 calculated

laser efficiency for FO (curve 1) and FB (curve 2) lasing is compared with the experimental data for

the mirror set M98+M98. The FO laser efficiency predicted is about 1.5 times higher than one

measured in the experiments, while the efficiency for the FB lasing is described more or less

satisfactorily. To evaluate sensitivity of calculations to the exact value of the intracavity loss

additional optical losses were introduced equal to 0.5% per single pass. The result of theoretical

predictions is shown in Fig. 2.3 (curve 1' for the FO and curve 2' for the FE efficiency, respectively).

It can be seen that the FO curve came closer to experimental points while the FB efficiency is



insensitive to the variation of optical losses. Calculations of the FO laser efficiency in an assumption

that FB lasing is totally suppressed for the same cavity gave the curve 3 in Fig. 2.3. It means that

additional absorption of radiation in the fundamental band can lead to the further increase of the FO

laser efficiency up to 15-17% for the given set of the mirrors. Application of optimal laser mirrors

(no spectral holes within 2.5-3.0 [Lm regions) will increase output efficiency up to 20%, which

confirms the results of [1-3].
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b Fig.2.4. Laser efficiency vs. specific
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Similar calculations were made for the laser efficiency with the cavity using mirrors M92+M99

(see Fig. 2.4). Theoretical predictions are higher for the FO lasing and no any FB lasing was found

numerically. FB lasing is close to the threshold resulting in higher sensitivity of calculations to the

details of the model. Therefore this discrepancy may be neglected.
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In Fig. 2.5a the computed laser spectrum is shown for the cavity with mirrors M98+M98 and with

additional losses 0.5% per single pass. Comparing it with the experimental one presented in Fig.lc,

the conclusion can be made that a good correlation between the FB spectra takes place, while the

agreement for the FO spectra is not so good. The calculated FO laser spectrum is narrower and

concentrated at the short wavelength part. Calculated laser energy is much higher for this part of

spectrum as compared to the experimental results. The discrepancy in spectra was supposed to be

connected with high reflectivity of the output coupler and, hence, its low transmittance. The mirror

transmittance reflectance and optical loss for this part of spectrum, calculated by using data of

Appendix II are presented in Fig. 2.6, in which one can see that if intracavity optical loss is up to

1.5%, its value is comparable with transmittance and, therefore, in this part of spectrum loss of

energy is comparable with output energy. We analyzed numerically the influence of such an optical

loss upon FO CO laser spectrum for FO CO laser with M98+M98 set of mirrors. The results of

calculations are presented in Fig. 2.7. It was assumed, that additional intracavity losses are not

spectrally selective and are 0.5%, 1.0% and 1.5% per single pass, respectively. Looking at Fig. 2.7

one can conclude that the laser spectrum deformation induced by the optical losses growth is much

lower than one observed in the experiments.
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It should be noted that calculated FO laser efficiency for additional losses 1% and 1.5% per single

pass is lower than measured experimentally. In particular, for the SIE 190 J/1 Amagat calculated FO

CO laser efficiency is 9.5% and 7.25%, respectively, and lesser than experimentally measured one

(10%). This result demonstrates that optical quality of the active medium in our experiments is high

enough. It means that further progress in characteristics of optical elements in the cavity will surely

result in increase of the FO CO laser efficiency.



The disagreement between calculated and measured FO CO laser spectra can be considered as a

strong indication that our kinetic model is not quite adequate to the real dynamics of the vibration

distribution function. The observed discrepancy can be interpreted as follows: the dependence of the

vibration exchange (V-V) probability for the high vibrational levels differs from traditionally

accepted formulas. It means that the existing approximations for V-V exchange rate coefficients

should be critically examined once more and new approaches should be applied including effects of

multiquantum exchange effects [13,14].

S~a

3.0 3.5 4.0

S~b

3.0 3.5 4.0
!1• II C Fig.2.7. Output laser spectra calculated

for different additional optical
losses per single pass

_ 0.5% (a); 1.0% (b); 1.5% (c.).

SIE=190 J/l Amagat
3.0 3.5 4.0

Wavelength, Nn

The calculated spectrum of the FO CO laser with mirror set M92+M99 presented in Fig. 2.5b also

contains lower energy corresponding to high vibrational transitions in comparison with the

experiment. However, the discrepancy between theory and experiment in this case is not so strong.

2.4 Conclusions

Using dielectric mirrors with high reflectivity within extended spectral range and with lower

optical losses enabled us to double pulsed FO CO laser efficiency, as compared to one obtained in [1-

3], the output efficiency coming up to 11%. Specific output energy came up to -50 J/1 Amagat. FO



CO lasing was observed within initial gas temperature interval 100-220 K. The long wavelength

region was extended up to 4.1 urm. Bearing in mind previous results [1-3], one can conclude, that

multiline pulsed FO CO lasing range lies within 2.5-4.1 [tm. The results of the theoretical

calculations of the laser efficiency are in a good agreement with the experimental ones. Being based

on these results the theory predicts, that FO CO laser efficiency can be as high as 20%. However,

discrepancies observed in comparison of predicted and measured laser spectra indicate the necessity

of modifying the kinetic description of vibrational kinetics.

3. Tunable single line pulsed FO CO laser

3.1. Experimental conditions

The FO CO laser resonator consisted of a diffraction grating operating in Littrow configuration

and concave (r=10 m) copper mirror, the former being located at a distance of 0.4 m from Brewster

window made of CaF2 and the latter being installed at the laser chamber. Polarization plane of

intracavity radiation was perpendicular to grating grooves (S-polarization). The laser resonator length

was 2.5 m. There were two diaphragms inside the laser resonator with diameter 50 mm near the

copper mirror and -30 mm near the grating. The optical volume was 0.85 1. FO CO laser radiation

was extracted through the zero diffraction order of the grating.

Two different diffraction gratings (G) made in Russia were used for spectral selection and tuning

of FO CO laser radiation. Maximum efficiency for the first diffraction order took place at wavelength

Xma =3.0 gtm (GI) and 3.2 gim (G2) at normal incidence of nonpolarized laser radiation for these two

gratings according to their certificates. Both gratings were made of Al coated glass and had

200 grooves per mm.

Thin (-4 mm) plane parallel CaF2 plate placed inside the laser resonator under the Brewster angle

to the optical axis was used for adjustment of the resonator. When comparing the angular divergence

of the laser determined by geometric factors (resonator length, radius of curvature of copper mirror

and diameter of the intracavity diaphragm) and angular dispersion of the grating, one could conclude,

that lasing might take place within the spectral interval of -15 cm'. The laser spectra observed in the

experiment did consist of one strong (central) and two very weak (adjacent) vibrational-rotational

lines 4 cm"' apart. We called this regime single line lasing because the energy of the adjacent lines

was an order of magnitude lesser than the energy of the central line. The laser spectra consisted of

two strong adjacent lines were also observed. The real single line regime of FO CO laser operation

was observed, when diaphragm diameter was decreased down to 15 mm.

Wavelength tuning of the laser radiation was effected by rotation of the grating. The rotation

angle of the grating was controlled by using auxiliary visible laser beam reflected from the mirror



fixed at the grating and observed on a scale located at the distance of 4 m from the grating. FO CO

laser spectrum was detected by long focus spectrometer (Appendix I).

Laser mixture CO:N 2:He=1:9:10 at initial gas temperature -100 K and gas density 0.12 Amagat

was used.

3.2. Experimental results

At the first experiments FO CO laser radiation was tuned within single 22-.-20 vibrational band

over the vibrational-rotational lines from J=6 up to J=17 (Fig. 3.1). The grating GI was used. From

the figure one can see the laser to be tuned partly over several vibrational-rotational lines belonged to

the vibrational band 23-+21. The laser was tuned within 3.11-3.17 ptm wavelength interval. Some

irregularity of spectral distribution for 22->20 vibrational band, which can be connected with

intracavity absorption by atmospheric air, was observed. Fig. 3.2 demonstrates the dependencies of

SOE and single line FO CO laser efficiency on SIE for the laser wavelength -3.13 pim corresponding

to the vibrational-rotational line P(10). Threshold lasing took place at SIE of -100 J/1 Amagat. The

maximum SOE of -50 mJ/1 Amagat was observed at SIE of 260 J/1 Amagat, output efficiency being

extremely poor -0.02%. Further research demonstrated, that for above experiments we did not

choose the optimal wavelength region for given diffraction gratings.

Much more SOE and higher output efficiency for single line FO CO laser was observed for

longer laser wavelengths and higher vibrational transitions, which was connected with spectral

characteristics of the diffraction gratings. The dependencies of SOE and threshold SIE upon laser

wavelength within 35---33 vibrational band are presented in Fig. 3.3. One can see that the SOE for

the center of the band (vibrational-rotational lines P(l 1), P(12)) is higher than 0.3 J/1 Amagat, i.e. six

times higher as compared to vibrational band 22--+20 (Fig. 3.1). Output efficiency reached 0.1% for

33P(1 1) and 33P(12) lines (we used short notation for vibrational-rotational transition V+2--V; J-

1--J as V P(J)).



Wavenumber, cm-I
3200 3180 3160

6 7 8 9 10 11 12 13 14 15 16 17 J
50

40

S30

"20 v+2--> v v+2--> v

22 > 20 23 > 21 Fig.3.1. Specific output energy (SOE) vs.

"10 l wavelength for vibrational transitions
22---20 and 23--21.

0 -CO:N 2:He=1:9:10;
3.12 3.14 3.16 SIE=290 J/1 Amagat; T=100 K

Wavelength, [tm



50 -0.02

40

30 -3
- o.oi"" - ~0.01 o

S20oWo• Z Fig.3.2. Specific output energy (SOE) and

10 SOE "single line FO CO laser efficiency

A Laser efficiency vs. specific input energy (SIE) for
vibrational-rotational line

0 0.00 22-->20 P(10).
100 200 300 400 CO:N2:He=1:9:10; T=100 K

SIE, J/1 Amagat

The dependence of threshold SIE on laser wavelength was asymmetric. When tuning laser

wavelength to longer ones, e.g. from 3.92 ptm up to 3.94 gtm, the threshold SIE increased two fold.

However, when tuning the wavelength to shorter ones (P(J) changed from P(14) down to P(8)),

quite different situation was observed: threshold SIE was unchanged, being 100-120 J/R Amagat. The

same behavior was also observed for other vibrational bands. One can see also in Fig. 3.3 how single

line FO CO laser was tuned from 35--33 vibrational band down to adjacent 34-->32 band, which was

accompanied by threshold SIE rise. Simultaneous lasing on adjacent vibrational transitions and

different rotational lines with wavelength difference lying within spectral resolution of the laser

optical scheme was experimentally observed.

J-1 ->J: 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 2 0

250 I I111 I I I I I I I I I I I I I

141516 1718 1920

v+2 -> v 300

34 ->32
200

-200
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0

100 1 100 Fig.3.3. Specific output energy (SOE) and
threshold specific input energy (SIE) vs.
wavelength for vibrational transitions
35--+33 and 34->32

50o 0 CO:N 2:He=1:9:10; N=0.12 Amagat;
3.84 3.88 3.92 3.96 SIE=230 J/l Amagat; T=100 K
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Fig. 3.4(a,b) demonstrates SOE vs. SIE for different P(J) (J=15 and 7) for 35-033 vibrational

band. For 33P(15) line threshold lasing took place at SIE 220 J/1 Amagat, whereas for 33P(7) line at

130 J/1 Amagat, as one can also see from Fig. 3.3. The dependencies in Fig. 3.4(a,b) are

monotonous. Fig. 4c demonstrates the same dependence for the wavelength, where two FO CO laser

rotational lines might operate corresponding to adjacent vibrational bands within the spectral

resolution of the laser optical scheme: namely 33P(4) and 32P(17). As SIE increased, firstly FO CO

lasing starts at low SIE -120J/1 Amagat, which is typical for laser transitions with lower J. Typical

monotonous dependence SOE on SIE (compare Fig. 3.4b and c) is observed up to SIE

250 J/l Amagat. At this point its abrupt growth is observed. We consider the phenomenon as

appearance of lasing on 32P(17) line with threshold SIE -250 J/lAmagat. The same analysis of

dependence SOE upon SIE for different wavelengths was also used for estimation of threshold SOE

at simultaneous lasing on different rotational lines belonged to adjacent vibrational bands. It should

be noted that above effect was not observed for adjacent 35-+33 and 36-34 vibrational bands, as

lasing on 36-->34 band took place with lower SIE and within more narrow interval of rotational lines

J, as compared to 35--33 band.
1'5 35->33 P(15)

i~ 1  a
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100 200 300 40
loo-35->33 P(7)

- 50
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100 200 3;004

10035->33 P(4) Fig.3.4. Specific output energy (SOE) vs.
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SEE, J/l Amagat
The grating GI was successfully used for FO CO laser radiation tuning from 3.4 up to 4.1 jim

(Fig. 3.5). The figure demonstrates SOE vs. laser wavelength. Solid lines represent the dependence,

as laser was tuned over different rotational lines within single vibrational band. Dashed line goes

through the maximum value of SOE for each vibrational band. Maximum SOE -0.6 J/1 Amagat was



obtained for 32-*30 and 33-->31 vibrational bands. For a long wavelength region, i.e. for higher

vibrational transitions, maximum SOE decreased approximately linearly with vibrational number

rise, the highest transition being 37->35. A decrease of SOE for shorter wavelengths was due to

spectral properties of the grating G1.
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Fig. 3.6 demonstrates SOE vs. laser wavelength for two different diffraction gratings GI and G2

within wavelength range from 2.7 up to -4.2 [tm. Laser mixture CO:He=l:4 at gas density



0.12 Amagat was used. One can see that the spectral properties of the FO CO laser strongly depend

on spectral characteristics of the diffraction grating used as an output coupler in Littrow

configuration-for S-polarized radiation (polarization plane of radiation was perpendicular to grating

grooves). Fig. 3.6a demonstrates data obtained for the grating G1 used for the above experiments.

The right part of the figure just corresponds to the Fig. 3.5 and reflects the spectral properties of the

grating GI in long wavelength region. An anomaly (the spectral hole) in the dependence near the

wavelength 3.3-3.4 jim is connected with redistribution of energy of radiation diffracted by the

grating over diffraction orders with grating rotation. In particular, when W/d<2/3, where 2 is

radiation wavelength and d is spacing of a grating, radiation energy (intensity) is distributed over

spectral orders m=-l, 0, +1 and +2 instead of m=0, +1 [15]. For the gratings used in the experiment

(d=5 ýim) the anomalies can arise at 2<3.33 jtm. A decrease of SOE for grating GI and lasing

absence for grating G2 (Xmýx =3.2 jim) at wavelength shorter than 3.3 jtm is connected with spectral

properties of the gratings and perhaps, partially with intracavity absorption of laser radiation by

atmospheric air. The longest wavelength obtained by using the grating G2 was 4.15 ptm, that

corresponded to 38-+36 vibrational transition.

3.3. Theoretical results

3.3.1. In our previous report [1] it was shown that using of spectral selective

cavities with a spectral interval allowing for lasing of three or five overtone lines

corresponding to neighboring vibration bands seems to be promising for achieving

high efficiency comparable with free-running efficiency with suppressed

fundamental band lasing. Requirements to output coupler or spectral filter

manufacturing with necessary properties are much simpler for the narrow bands.

Therefore, we continue our studies on methods of spectral selection in more detail.

To make conditions for our studies more realistic and definite, parameters of

experimentally realized multilayer output couplers described in our previous

report were taken as a basis. Namely, we took the maximum reflection coefficient

of the mirror designated in [11 as M2 97.5% for the reflection in the allowed

spectral range for the output coupler under consideration. Of total losses 2.5% the

transmitted fraction was taken equal to 1.5% and 1% was assumed to be losses on

absorption and scattering in the multilayer output coupler. It should be

emphasized that all these figures were measured experimentally for the mirror M2

in the spectral range 3622-3836 cm-1. Probably, the balance between transmission



and absorption/ scattering losses in the mirror can be improved in a future. Other

conditions: gas density 0.12 Amagat, temperature 100 K and composition

CO:N2:He = 1:9:10, specific input energy 220J/lAmagat and discharge

parameters (pulse duration 25 gs, initial value of the parameter E/N) were taken

the same as in [1].

Our studies were focused on calculations of the FO CO laser efficiency for

separate spectral components within the allowed spectral interval (ASI) and for

total laser energy as functions of the central transition in the ASI. The mirror

reflectance was assumed to be constant for five vibration transitions: vc - 2->vc - 4;

vc - 1-+vc - 3; vc->vc - 2; vc + 1->vc -1; vy +2-+vc. Here vc is the number of the upper

vibrational level for the central laser transition. Rotational quantum numbers were

found automatically by simulation of competition process between rotational

transitions during the laser pulse.
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Fig.3.7 Calculated dependence of total output efficiency for five vibrational

transitions (Vc-2---Vc-4; Vc-1 -- Vc-3; Vc-+Vc-2; Vc+1->Vc-1; Vc+2->Vc) and output

efficiency for the lowest transition (Vc-2-cVc-4) for FO CO laser with narrow-

band selective resonator upon quantum number of central vibrational

transition Vc. Specific input energy is 220 J/1 Amagat. The diagram

corresponding to the laser efficiency on the lowest transition is shaded.

Results of numerical calculations displayed in Fig. 3.7 demonstrate that the

maximum laser efficiency for described conditions is above 6% in contrast to 3%

computed in [1] for similar conditions except cavity threshold gain. Our model



predicts quite uneven distribution of laser energy over the selected five lines. In

particular, for vc > 20 the lowest transition (with shortest wavelength) inputs more

than 50% of the total energy, i.e. the output efficiency for the single vibrational

band can exceed 3%. This fact opens a new way for increase the single line

efficiency for the FO CO laser, in particular for high vibrational transitions. It

might be preferable to employ the selective laser cavity with the ASI including 5

vibrational bands, and then select the lowest transition from the total output

pulse, i.e. extracavity single line selection can be preferable. It was shown earlier

that the maximum laser efficiency in the overtone band is achieved in the limit of

spectral selective cavity having a high reflectance in a very broad spectral range

from about 2.5 gnm to 4.0 gnm and very low reflectance (less than 1%) for radiation

in the fundamental band. These are very severe conditions for manufacturing such

output couplers. Therefore it is very important that there exists an alternative way

to realize a high efficiency for the overtone band: it is necessary to manufacture

the output coupler with low losses and high reflectance (on the order of 97-98%) in

the comparatively narrow spectral interval. Having no special requirements to the

exact position of the ASI, the center of it should correspond to transitions from the

level numbers 15-25.
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Fig.3.8. Calculated dependence of total output efficiency for three vibrational
transitions (Vs- 1-Vc-3; Vc-+Vc-2; Vc+1-*Vc-1) and output efficiency for the
lowest transition (Va-1--Vc-3) for FO CO laser with narrow-band selective
resonator upon quantum number of central vibrational transition Vc. Specific



input energy is 220 J/1 Amagat. The diagram corresponding to the laser
efficiency on the lowest transition is shaded.

Similar studies were performed for spectral selective output couplers allowing

for lasing of 3 transitions: Vc - 1--vc -3; Vc--Vc -2; vc + 1--vc -1. Fig. 3.8

demonstrates that the total efficiency can be higher than 4%, while the efficiency

for the-lowest transition can be higher than 2.5%. These are very promising figures

for realization of the high efficient FO CO laser with a comparatively narrow

spectrum.

Concluding, the FO CO laser efficiency for the selective high-quality cavity can

achieve more than 6% when the ASI includes 5 neighboring vibration transitions

and more than 4% when 3 vibration transitions are lasing. For positions of the ASI

center corresponding to transitions from 15th-25th levels more than a half of laser

energy is contained in radiation on the single vibrational transition. These results

were calculated for the output coupler losses in which were 40%. Further

improving of the output coupler will increase the available laser efficiencies.
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Fig.3.7 Theoretical and experimental (3) specific output energy (SOE) vs. wavelength for single line

FO CO laser.

Theory data are calculated for different threshold gains 1.75 10-3 cm-1 (1) and 2.00 10-3 cm"1 (2)

3.3.2. Despite the fact that optical characteristics of the laser cavity with diffraction grating are

not well known we decided that it is useful to simulate selective lasing in the FO band for conditions

close to experimental conditions. Taking as a variable parameter the threshold gain in the selective



cavity calculations were made using our model earlier described. Fig. 3.9 shows results of

calculations of the laser pulse energy in an assumption of selective cavity having the threshold gain

independent of wavelength within FO band. Calculated tuning curve is shown for the threshold gain

equal to 1.75 10-' and 2 10.' cm", respectively. Comparison with the experimentally measured tuning

curve (Fig. 3.6) demonstrates that the position of maximum is different in theory (between 3.0 and

3.6 [tm) and in experiment (between 3.7 and 3.9 j.m). This discrepancy can be explained in two

ways (at present there is not sufficient information to discriminate these two versions). One possible

explanation is associated with a probable dependence of the cavity threshold on the wavelength. The

second explanation supports the hypothesis already discussed above about the necessity to modify

our model by variation of the V-V exchange rate coefficients for the high-lying levels or by

introducing multi-quantum exchange processes [12-14].

3.4. Conclusions

The first experiments with pulsed FO CO laser using diffraction grating as a frequency selective

element demonstrated a feasibility of a development of frequency tunable single line pulsed FO CO

laser. Tunable FO CO lasing on wavelengths from 2.74 up to 4.15 jtm corresponding to vibrational

transitions from 13-+11 up to 38-->36 was obtained. The maximum SOE came up to 0.6 J/1 Amagat,

single line output efficiency being up to 0.2%. It should be noted that the diffraction gratings used in

the experiments were not optimized and further research with other gratings is desirable.

Theoretical prediction for the tuning curve using our model can not be directly compared with

experimental data due to the lack of knowledge about cavity losses as a function of the wavelength.

However, the comparison of numerical results with available experimental data indicates a necessity

of modifying the model to achieve an adequate description of V-V exchange process for high

vibrational levels. Theoretical prognosis indicates a feasibility of obtaining high output efficiency for

FO CO laser using frequency selective laser resonators and operating on a few (-5) adjacent overtone

bands within the spectral range of the FO CO laser. For these conditions, FO CO laser efficiency for

the lowest selected transition can reach 3%.
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Appendix I. IR spectrometer for pulsed FO CO laser spectrum measurement

Optical scheme of home-made IR spectrometer is demonstrated in Fig. AL. 1. Laser radiation I

was focused on the slit NS by spherical mirror M1 and directed to the spherical mirror M2 by such a

way, that the telescopic mirror system MI+M2 formed a plane parallel wave directed to diffraction

grating G. The focal length for mirror Ml and M2 was f,=0.5 m and f2=2.5 m, respectively.

Therefore, magnification factor was equal 5. As a dispersion element the diffraction grating G

(100xlOO mm, 150 grooves/mm, ?ma=4.0 ptm) was used. Spatially separated spectral components of

the laser radiation (X, and X2 in Fig. ALI.1) was focused by spherical mirror M3 onto the screen S

situated in the mirror's focal plane. When using the mirror M3 with focal length f3=5 m, the distance

between adjacent vibrational-rotational lines was 5 mm. The spatially and spectrally selected laser

radiation focused on the screen was detected by IR video-camera and displayed by TV monitor. The

results of vibrational-rotational lines measurement are presented in Chapter 3. When the

measurement of vibrational spectrum was only needed (see Chapter 2), spherical mirror M3 with

f3=0.5 m was used. Auxiliary 0.650 gtm semiconductor laser radiation was used for calibration of

spectral scale on the focal plane of the spectrometer.
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Fig. ALI. Optical scheme of the home-made spectrometer.



Appendix II. Measurement of transmittance and reflectance of CO laser mirrors

Spectral dependencies for reflection and transmission coefficients of the mirrors manufactured in

Rocky Mountain Instrument Co., USA were measured by using Perkin-Elmer 983G IR

spectrophotometer. Measurements of the spectral transmission coefficient were performed with the

device operating in a standard two-beam mode. When measuring the spectral reflection coefficient,

the Perkin-Elmer 3X-Beam Condenser and Specular Reflectance Accessory (3BCSRA) was placed

into the channel for a specimen. It allowed us to detect spectra of radiation reflected from a studied

object. To work with this accessory it is necessary to calibrate additionally the specimen channel.

The specific feature of this procedure is that the calibration factor (so called 100%-Line) varies

within the spectral range of interest (1600-4200 cm-'). Its variance is up to ±1.5%T (scaled by

transparency), and this makes the results of measurements done in a spectrum scanning mode not

applicable for calculations of reflection and transmission coefficients with a required accuracy.

Obtained in this manner characteristics of the mirrors can be considered only as a qualitative

illustration of spectral dependencies of the reflection and transmission coefficients (Fig. AII.1).

Therefore, we chose the step by step procedure for spectral measurements with the step equal to

10 or 5 cm' in dependence on the variation of the measured quantity within the considered spectral

interval. The sequence of operations at one step was as follows.

The device was tuned to the given wave number, the zero point was calibrated. Then, using the

"Time Drive" mode the following measurements were carried out:

of the level of 100% transmission, t0(v),

of the transmittance of the mirror under study, ts.p(v),

of the signal from the 3BCSRA with the mirror installed, rap(v),

of the signal when the studied mirror was replaced by the standard one, rt(v).

Then the device was tuned to the next value of the wave number and the cycle of measurements

was repeated.

The absolute values of the reflectance Rmp(v) and transmittance Tsap(v) were found from the

relationships:

Ramp(v) = (rsap(v)/rst(v))*R.tv),

Tsmp(v) = tp(V)o(,

where R~t(v) is the reflectance of the standard mirror measured earlier with a high accuracy [1 ]. In

the proposed methodology the accuracy of measurements is controlled by an absolute error

introduced by calibration of zero of the device estimated as 0.05%T. Time interval for each



measurement within the cycle (time of averaging) was taken 20 s. The single-measurement absolute

error for these conditions was not higher than 0.005%T, an order of magnitude smaller than the error

for calibration of zero of the device.

Taking into account the above described sources of error, the accuracy of measured values for

reflectance and transmittance for the studied mirrors is within 0.13%T (for R.mP(v)) and 0.06%T (for

TP(v)). The results of spectral measurements are presented in the Table AII.1 for lines in the first

overtone band and in the Table AII.2 for spectral lines in the fundamental band.
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Fig. AII.1. Reflectance of CO laser mirrors used in the experiments



Table AII.1 Measured transmittance and reflectance of dielectric mirrors for calculated wavelength
of first overtone CO molecule transitions: V---V-2; J-1--J

V--V-2 J-1--J Wave- M92 M98 M99
V J lenh T% R T% R% T% R%

4 8 2.4252 70.98 28.2 79.85 19.44 65.89 33.67
4 9 2.4277 67.59 31.59 78.72 20.56 63.92 35.65
4 10 2.4303 64.07 35.11 77.52 21.77 62.03 37.56
4 11 2.4329 60.58 38.6 76.31 22.98 60.33 39.29
4 12 2.4356 57.04 42.14 75.07 24.23 58.75 40.88
4 13 2.4384 53.51 45.68 73.8 25.52 57.33 42.32
4 14 2.4411 50.28 48.93 72.61 26.73 56.17 43.5
4 15 2.444 47 52.22 71.35 28.01 55.15 44.53
4 16 2.4468 44 55.23 70.17 29.21 54.38 45.31
4 17 2.4498 40.98 58.25 68.95 30.45 53.8 45.9
4 18 2.4527 38.28 60.95 67.81 31.61 53.48 46.25
5 8 2.4563 35.24 64 66.46 32.97 53.45 46.32
5 9 2.4589 33.25 66 65.52 33.92 53.71 46.08
5 10 2.4616 31.34 67.92 64.59, 34.86 54.17 45.62
5 11 2.4643 29.56 69.7 63.69 35.77 54.77 45
5 12 2.467 27.9 71.36 62.82 36.63 55.54 44.22
5 13 2.4698 26.34 72.94 61.97 37.48 56.6 43.17
5 14 2.4726 24.92 74.37 61.16 38.28 57.94 41.86
5 15 2.4755 23.57 75.72 60.35 39.11 59.55 40.26
5 16 2.4784 22.35 76.95 59.54 39.93 61.37 38.41
5 17 2.4814 21.19 78.11 58.74 40.76 63.49 36.26
5 18 2.4844 20.13 79.18 57.97 41.54 65.82 33.9
6 8 2.4883 18.89 80.43 56.99 42.53 69.04 30.69
6 9 2.4909 18.15 81.17 56.35 43.17 71.23 28.5
6 10 2.4936 17.44 81.88 55.73 43.8 73.48 26.14
6 11 2.4963 16.79 82.53 55.15 44.39 75.63 23.74
6 12 2.4991 16.18 83.14 54.58 44.97 77.65 21.49
6 13 2.5019 15.63 83.7 53.99 45.56 79.34 19.74
6 14 2.5048 15.11 84.23 53.38 46.17 80.61 18.55
6 15 2.5078 14.61 84.74 52.78 46.79 81.29 17.98
6 16 2.5107 14.16 85.2 52.23 47.37 81.26 18.13
6 17 2.5138 13.74 85.65 51.7 47.94 80.38 19.1
6 18 2.5169 13.35 86.05 51.21 48.46 78.65 20.91
7 8 2.5209 12.92 86.5 50.58 49.11 75.25 24.37
7 9 2.5236 12.65 86.77 50.19 49.52 72.36 27.29
7 10 2.5263 12.42 87.02 49.83 49.88 69.16 30.58
7 11 2.5291 12.21 87.24 49.51 50.22 65.59 34.22
7 12 2.532 12 87.46 49.19 50.54 61.66 38.07
7 13 2.5349 11.82 87.66 48.89 50.85 57.61 41.9
7 14 2.5378 11.66 87.84 48.64 51.12 53.65 45.71
7 15 2.5408 11.53 87.98 48.46 51.33 49.83 49.59
7 16 2.5438 11.43 88.09 48.31 51.5 46.24 53.23



V--V-2 J-1--J Wave- M92 M98 M99

V J length T% R% T% R% T% R%/o

7 17 2.5469 11.34 88.19 48.18 51.64 42.71 56.61
7 18 2.5501 11.26 88.28 48.11 51.73 39.33 59.78

8 8 2.5544 11.19 88.38 48.17 51.69 35.34 63.73
8 9 2.5571 11.18 88.4 48.26 51.61 33.16 66.04
8 10 2.5599 11.22 88.38 48.38 51.49 31.14 68.25
8 11 2.5627 11.28 88.33 48.55 51.31 29.25 70.19
8 12 2.5656 11.34 88.28 48.8 51.06 27.33 71.82
8 13 2.5686 11.41 88.21 49.13 50.71 25.45 73.28
8 14 2.5716 11.52 88.1 49.55 50.27 23.85 74.79
8 15 2.5746 11.67 87.95 50.05 49.75 22.53 76.37
8 16 2.5777 11.86 87.76 50.64 49.15 21.3 77.79
8 17 2.5808 12.07 87.55 51.32 48.48 20.12 78.9

8 18 2.584 12.33 87.29 52.11 47.67 18.99 79.89
9 8 2.5886 12.77 86.82 53.48 46.28 17.57 81.23
9 9 2.5914 13.09 86.49 54.44 45.29 16.77 82
9 10 2.5942 13.44 86.12 55.49 44.23 16.02 82.72
9 11 2.5971 13.83 85.7 56.58 43.12 15.32 83.41
9 12 2.6001 14.29 85.21 57.7 41.97 14.68 84.06
9 13 2.6031 14.82 84.65 59 40.65 14.08 84.64
9 14 2.6061 15.43 84.01 60.6 39.03 13.48 85.17
9 15 2.6092 16.14 83.29 62.37 37.24 12.89 85.69
9 16 2.6124 16.92 82.49 64.02 35.58 12.38 86.27
9 17 2.6156 17.81 81.61 65.61 33.97 11.93 86.85
9 18 2.6189 18.92 80.51 67.58 31.98 11.46 87.34
10 8 2.6237 20.82 78.61 70.78 28.74 10.78 87.92
10 9 2.6265 22 77.41 72.37 27.13 10.46 88.31
10 10 2.6294 23.38 76.02 73.9 25.58 10.17 88.71
10 11 2.6323 25.05 74.33 75.56 23.88 9.844 89.01
10 12 2.6353 27.1 72.25 77.4 22 9.469 89.23
10 13 2.6384 29.42 69.9 79.1 20.28 9.127 89.49
10 14 2.6415 31.87 67.42 80.36 18.99 8.878 89.84
10 15 2.6447 34.69 64.55 81.39 17.96 8.662 90.19
10 16 2.6479 37.98 61.21 82.28 17.08 8.432 90.44
10 17 2.6512 42.05 57.11 82.89 16.48 8.182 90.64
10 18 2.6545 46.9 52.25 83.01 16.39 7.938 90.86

11 8 2.6596 55.03 44.1 82.38 17.03 7.645 91.24
11 9 2.6625 59.71 39.42 81.68 17.7 7.54 91.44
11 10 2.6654 65.06 34.09 80.57 18.76 7.432 91.58
11 11 2.6684 71.8 27.39 78.85 20.43 7.274 91.64
11 12 2.6715 79.19 20.06 76.64 22.61 7.08 91.67
11 13 2.6746 85.52 13.77 74.29 24.94 6.906 91.76
11 14 2.6778 90.15 9.174 71.84 27.41 6.757 91.93
11 15 2.681 92.76 6.602 69.24 30.04 6.612 92.07
11 16 2.6843 93.3 6.1 66.4 32.94 6.457 92.13



V--V-2 J-1--J Wave- M92 M98 M99

V J length T% R% T%/a R% T% R%

11 17 2.6876 91.7 7.746 63.58 35.83 6.334 92.22

11 18 2.691 87.83 11.63 60.81 38.64 6.264 92.4

12 8 2.6964 77.43 22.05 56.16 43.37 6.134 92.6

12 9 2.6993 70.44 29.05 53.46 46.1 6.025 92.61

12 10 2.7023 63.51 35.98 50.84 48.68 5.931 92.63

12 11 2.7054 57.42 42.06 48.52 50.89 5.882 92.71

12 12 2.7085 51.92 47.54 46.54 52.91 5.85 92.76
12 13 2.7117 46.19 53.22 44.75 55.14 5.796 92.65
12 14 2.7149 40.67 58.68 42.98 57.4 5.725 92.45
12 15 2.7182 35.91 63.38 40.87 59.49 5.661 92.31
12 16 2.7215 32.2 67.04 38.54 61.26 5.597 92.27
12 17 2.725 28.79 70.41 36.28 63.02 5.478 92.26
12 18 2.7284 25.69 73.46 34.55 64.7 5.315 92.24

13 8 2.7341 21.86 77.27 32.44 66.94 5.193 92.26
13 9 2.7371 20.44 78.7 31.47 67.87 5.193 92.29
13 10 2.7401 18.92 80.23 30.38 68.91 5.114 92.27
13 11 2.7433 17.1 82.03 29.1 70.17 4.925 92.19
13 12 2.7464 15.58 83.53 28.03 71.22 4.743 92.14
13 13 2.7497 14.59 84.52 27.3 71.92 4.64 92.17
13 14 2.753 13.91 85.18 26.78 72.42 4.576 92.21
13 15 2.7563 13.1 85.97 26.16 73.02 4.467 92.15
13 16 2.7598 12.1 86.94 25.38 73.77 4.301 91.98
13 17 2.7632 11.27 87.75 24.74 74.41 4.137 91.79
13 18 2.7668 10.63 88.38 24.26 74.89 3.981 91.61

14 8 2.7727 9.768 89.19 23.66 75.48 3.703 91.38
14 9 2.7758 9.353 89.58 23.41 75.72 3.558 91.29
14 10 2.7789 8.996 89.91 23.22 75.9 3.442 91.21
14 11 2.7821 8.676 90.23 23.09 76.03 3.345 91.13
14 12 2.7853 8.36 90.54 23 76.12 3.238 91.03
14 13 2.7886 8.022 90.87 22.94 76.18 3.103 90.92
14 14 2.792 7.732 91.16 22.96 76.17 2.975 90.86
14 15 2.7954 7.561 91.33 23.09 76.04 2.891 90.9
14 16 2.7989 7.436 91.45 23.3 75.83 2.824 90.99
14 17 2.8025 7.232 91.66 23.53 75.6 2.722 91.08
14 18 2.8061 6.973 91.92 23.79 75.35 2.595 91.15

15 8 2.8123 6.726 92.17 24.52 74.63 2.445 91.35
15 9 2.8155 6.672 92.23 25.04 74.11 2.399 91.49
15 10 2.8187 6.587 92.32 25.65 73.52 2.347 91.61
15 11 2.8219 6.485 92.43 26.32 72.87 2.292 91.73
15 12 2.8252 6.41 92.53 27.09 72.13 2.245 91.89
15 13 2.8286 6.38 92.58 27.98 71.27 2.209 92.11
15 14 2.832 6.36 92.63 29 70.28 2.171 92.33

15 15 2.8355 6.319 92.7 30.22 69.09 2.118 92.51
15 16 2.8391 6.276 92.76 31.64 67.68 2.063 92.69



V--V-2 J-1->J Wave- M92 M98 M99
V J length T% R% T% R% T% R%

15 17 2.8427 6.269 92.78 33.23 66.09 2.023 92.9
15 18 2.8464 6.295 92.76 35.05 64.25 1.999 93.14
16 8 2.853 6.35 92.67 38.9 60.29 1.969 93.52
16 9 2.8562 6.388 92.59 41.06 58.05 1.96 93.69
16 10 2.8594 6.446 92.5 43.39 55.63 1.958 93.87
16 11 2.8627 6.519 92.38 45.96 52.96 1.964 94.05
16 12 2.8661 6.595 92.25 48.73 50.1 1.977 94.23
16 13 2.8696 6.679 92.11 51.64 47.09 1.995 94.41
16 14 2.8731 6.794 91.95 54.53 44.14 2.012 94.58
16 15 2.8766 6.954 91.77 57.26 41.37 2.023 94.73
16 16 2.8803 7.144 91.57 59.75 38.86 2.029 94.88
16 17 2.884 7.327 91.38 61.6 37.01 2.033 94.99
16 18 2.8877 7.516 91.2 62.62 36 2.047 95.08
17 8 2.8947 7.98 90.77 61.79 36.87 2.138 95.19
17 9 2.8979 8.225 90.55 60.12 38.58 2.193 95.19
17 10 2.9012 8.483 90.32 57.57 41.18 2.243 95.15
17 11 2.9046 8.774 90.06 54.29 44.51 2.29 95.07
17 12 2.9081 9.124 89.75 50.54 48.32 2.336 94.95
17 13 2.9116 9.527 89.38 46.59 52.32 2.385 94.81
17 14 2.9152 9.975 88.97 42.46 56.48 2.439 94.62
17 15 2.9188 10.45 88.52 38.41 60.57 2.498 94.38
17 16 2.9225 11 88 34.45 64.55 2.56 94.12
17 17 2.9263 11.65 87.36 30.73 68.29 2.62 93.86
17 18 2.9301 12.4 86.63 27.38 71.63 2.676 93.58
18 8 2.9375 14.05 85 21.96 77.04 2.783 92.85
18 9 2.9408 14.9 84.15 19.93 79.06 2.826 92.5
18 10 2.9442 15.88 83.16 18.05 80.93 2.862 92.16
18 11 2.9476 16.98 82.05 16.37 82.59 2.885 91.85
18 12 2.9511 18.25 80.78 14.86 84.08 2.891 91.56
18 13 2.9547 19.7 79.31 13.51 85.42 2.88 91.29
18 14 2.9584 21.35 77.65 12.3 86.62 2.855 91.05
18 15 2.9621 23.17 75.83 11.22 87.68 2.822 90.84
18 16 2.9659 25.24 73.76 10.24 88.66 2.778 90.66
18 17 2.9697 27.52 71.49 9.384 89.52 2.722 90.54
18 18 2.9737 30.15 68.87 8.593 90.33 2.647 90.48
19 8 2.9814 35.77 63.32 7.332 91.68 2.45 90.66
19 9 2.9848 38.29 60.83 6.861 92.2 2.367 90.86
19 10 2.9882 40.71 58.46 6.432 92.68 2.299 91.12
19 11 2.9917 42.95 56.25 6.033 93.13 2.236 91.42
19 12 2.9953 44.88 54.36 5.665 93.54 2.168 91.71
19 13 2.999 46.32 52.95 5.328 93.91 2.093 91.99
19 14 3.0027 47.05 52.24 5.025 94.24 2.019 92.26
19 15 3.0065 46.96 52.35 4.742 94.54 1.949 92.53
19 16 3.0104 46.04 53.27 4.479 94.82 1.875 92.81



V--V-2 J-1--÷J Wave- M92 M98 M99

V J length T% R% T% R% T% R%

19 17 3.0143 44.4 54.91 4.242 95.07 1.795 93.11
19 18 3.0184 42.07 57.26 4.016 95.32 1.712 93.43
20 8 3.0265 36.4 62.95 3.63 95.76 1.611 94.01
20 9 3.0299 33.9 65.46 3.492 95.92 1.587 94.24
20 10 3.0334 31.42 67.96 3.365 96.07 1.564 94.46
20 11 3.037 29.01 70.4 3.249 96.2 1.541 94.67
20 12 3.0407 26.71 72.73 3.14 96.33 1.516 94.86
20 13 3.0445 24.54 74.91 3.035 96.46 1.49 95.04
20 14 3.0483 22.58 76.9 2.928 96.58 1.468 95.22
20 15 3.0522 20.76 78.74 2.815 96.71 1.453 95.43
20 16 3.0561 19.14 80.38 2.708 96.83 1.449 95.63
20 17 3.0602 17.63 81.91 2.615 96.94 1.458 95.79
20 18 3.0643 16.3 83.25 2.539 97.03 1.473 95.91
21 8 3.0728 13.96 85.61 2.398 97.21 1.487 96.16
21 9 3.0763 13.15 86.43 2.346 97.27 1.49 96.25
21 10 3.0799 12.4 87.19 2.298 97.34 1.499 96.3
21 11 3.0836 11.72 87.88 2.253 97.39 1.517 96.33
21 12 3.0873 11.11 88.5 2.209 97.44 1.545 96.35
21 13 3.0912 10.53 89.09 2.163 97.49 1.587 96.38
21 14 3.0951 10.01 89.61 2.12 97.54 1.64 96.4
21 15 3.099 9.525 90.09 2.08 97.58 1.705 96.4
21 16 3.1031 9.059 90.55 2.043 97.62 1.785 96.38
21 17 3.1072 8.636 90.96 2.011 97.64 1.88 96.33
21 18 3.1114 8.247 91.34 1.979 97.66 1.993 96.25
22 8 3.1204 7.554 92.01 1.87 97.76 2.282 95.97
22 9 3.124 7.306 92.25 1.821 97.81 2.426 95.78
22 10 3.1277 7.055 92.5 1.779 97.85 2.602 95.51
22 11 3.1314 6.82 92.75 1.747 97.89 2.817 95.18
22 12 3.1352 6.614 92.96 1.722 97.92 3.092 94.77
22 13 3.1392 6.441 93.14 1.702 97.95 3.44 94.27
22 14 3.1431 6.294 93.3 1.683 97.97 3.816 93.69
22 15 3.1472 6.142 93.45 1.66 97.98 4.22 92.95
22 16 3.1513 6 93.59 1.638 97.98 4.575 92.17
22 17 3.1556 5.881 93.71 1.626 97.97 4.821 91.44
22 18 3.1599 5.793 93.8 1.624 97.95 4.889 90.91
23 8 3.1693 5.595 93.96 1.598 97.92 4.371 90.95
23 9 3.173 5.514 94.02 1.582 97.93 3.986 91.37
23 10 3.1767 5.445 94.08 1.573 97.94 3.568 91.9
23 11 3.1806 5.388 94.13 1.57 97.95 3.129 92.53
23 12 3.1845 5.343 94.18 1.57 97.96 2.719 93.18
23 13 3.1885 5.307 94.22 1.572 97.98 2.352 93.81
23 14 3.1926 5.278 94.26 1.571 98 2.033 94.41
23 15 3.1967 5.254 94.3 1.566 98.03 1.771 94.95
23 16 3.201 5.233 94.34 1.556 98.05 1.548 95.45



V--+V-2 J-1--J Wave- M92 M98 M99
V J length T% R __ T% R T% R%
23 17 3.2053 5.216 94.37 1.549 98.06 1.367 95.86
23 18 3.2097 5.205 94.39 1.546 98.07 1.215 96.2
24 8 3.2196 5..203 94.41 1.558 98.09 0.966 96.85
24 9 3.2234 5.208 94.42 1.561 98.1 0.8951 97.07
24 10 3.2272 5.213 94.43 1.557 98.13 0.8323 97.26
24 11 3.2311 5.22 94.44 1.55 98.16 0.7764 97.42
24 12 3.2352 5.239 94.44 1.55 98.19 0.731 97.57
24 13 3.2392 5.275 94.42 1.564 98.2 0.7013 97.7
24 14 3.2434 5.323 94.4 1.587 98.2 0.6763 97.83
24 15 3.2477 5.369 94.37 1.608 98.2 0.6445 97.97
24 16 3.252 5.408 94.35 1.619 98.21 0.605 98.1
24 17 3.2564 5.45 94.33 1.62 98.22 0.5699 98.2
24 18 3.2609 5.501 94.29 1.612 98.23 0.5503 98.27
25 8 3.2714 5.639 94.18 1.658 98.2 0.5337 98.41
25 9 3.2752 5.696 94.12 1.698 98.17 0.5263 98.49
25 10 3.2792 5.768 94.05 1.728 98.14 0.5158 98.55
25 11 3.2832 5.85 93.97 1.737 98.14 0.5021 98.6
25 12 3.2873 5.929 93.88 1.733 98.14 0.4854 98.65
25 13 3.2915 5.993 93.82 1.724 98.14 0.4664 98.7
25 14 3.2957 6.049 93.76 1.723 98.14 0.4493 98.75
25 15 3.3001 6.125 93.68 1.746 98.11 0.4391 98.79
25 16 3.3045 6.234 93.57 1.796 98.05 0.4388 98.81
25 17 3.3091 6.359 93.44 1.85 97.99 0.4405 98.82
25 18 3.3137 6.47 93.32 1.875 97.96 0.4352 98.84
26 8 3.3247 6.704 93.09 1.913 97.92 0.4181 98.94
26 9 3.3286 6.793 93 1.951 97.88 "0.4191 98.97
26 10 3.3326 6.885 92.91 1.992 97.85 0.42 98.98
26 11 3.3367 6.98 92.82 2.029 97.82 0.4179 99
26 12 3.3409 7.074 92.73 2.065 97.79 0.4134 99.02
26 13 3.3452 7.165 92.64 2.108 97.75 0.4078 99.04
26 14 3.3496 7.255 92.55 2.161 97.7 0.4027 99.07
26 15 3.3541 7.355 92.45 2.213 97.65 0.4 99.09
26 16 3.3586 7.469 92.34 2.257 97.6 0.4016 99.09
26 17 3.3632 7.587 92.22 2.296 97.55 0.4064 99.08
26 18 3.368 7.687 92.11 2.338 97.5 0.4125 99.08
27 8 3.3796 7.869 91.92 2.484 97.34 0.4199 99.1
27 9 3.3836 7.945 91.84 2.549 97.27 0.4188 99.11
27 10 3.3877 8.021 91.77 2.614 97.22 0.4192 99.12
27 11 3.3919 8.084 91.71 2.669 97.16 0.4239 99.13
27 12 3.3962 8.134 91.66 2.721 97.12 0.4298 99.14
27 13 3.4006 8.183 91.62 2.784 97.07 0.4297 99.15
27 14 3.4051 8.235 91.57 2.87 97 0.4198 99.17
27 15 3.4096 8.282 91.53 2.968 96.93 0.4103 99.19
27 16 3.4143 8.312 91.51 3.069 96.83 0.4148 99.23



V--*V-2 J-1--*J Wave- M92 M98 M99

V J length T% R% T% R% T% R%

27 17 3.419 8.326 91.5 3.165 96.72 0.4334 99.27

27 18 3.4239 8.341 91.49 3.265 96.6 0.4505 99.3

28 8 3.4361 8.401 91.41 3.512 96.3 0.4387 99.33
28 9 3.4403 8.398 91.4 3.583 96.21 0.432 99.34

28 10 3.4445 8.39 91.4 3.66 96.11 0.4292 99.35

28 11 3.4488 8.393 91.38 3.758 96 0.4315 99.35
28 12 3.4532 8.412 91.36 3.884 95.87 0.4389 99.33

28 13 3.4577 8.428 91.33 4.024 95.73 0.4476 99.31

28 14 3.4623 8.424 91.33 4.161 95.6 0.4536 99.31

28 15 3.4669 8.402 91.34 4.288 95.48 0.4569 99.31

28 16 3.4717 8.378 91.36 4.412 95.36 0.4605 99.31

28 17 3.4766 8.366 91.37 4.534 95.24 0.4669 99.31
28 18 3.4815 8.361 91.38 4.655 95.12 0.476 99.3

29 8 3.4945 8.342 91.4 4.993 94.77 0.4999 99.27
29 9 3.4987 8.333 91.41 5.109 94.66 0.4975 99.27
29 10 3.503 8.322 91.43 5.23 94.55 0.4917 99.27
29 11 3.5074 8.311 91.45 5.35 94.45 0.4897 99.28
29 12 3.5119 8.299 91.47 5.469 94.35 0.4982 99.3
29 13 3.5165 8.287 91.5 5.583 94.26 0.515 99.33
29 14 3.5212 8.278 91.53 5.696 94.17 0.5344 99.34
29 15 3.526 8.273 91.54 5.805 94.08 0.5529 99.34
29 16 3.5309 8.265 91.56 5.908 93.99 0.5727 99.33
29 17 3.5359 8.247 91.59 6.001 93.91 0.5964 99.32
29 18 3.541 8.227 91.61 6.087 93.83 0.6221 99.29

30 8 3.5547 8.248 91.56 6.295 93.55 0.6697 99.12
30 9 3.559 8.264 91.53 6.36 93.45 0.6853 99.09
30 10 3.5634 8.275 91.52 6.424 93.37 0.7059 99.1
30 11 3.5679 8.284 91.51 6.478 93.32 0.7284 99.1

30 12 3.5726 8.296 91.49 6.513 93.29 0.7492 99.09
30 13 3.5773 8.314 91.48 6.525 93.29 0.7668 99.05
30 14 3.5821 8.335 91.45 6.529 93.3 0.7853 99.01
30 15 3.587 8.359 91.43 6.538 93.3 0.8084 98.99
30 16 3.592 8.386 91.41 6.548 93.28 0.836 99

30 17 3.5971 8.416 91.38 6.549 93.28 0.866 99
30 18 3.6024 8.45 91.35 6.531 93.29 0.8943 98.97

31 8 3.6168 8.53 91.25 6.472 93.34 0.8887 98.91
31 9 3.6212 8.554 91.23 6.462 93.34 0.8725 98.91
31 10 3.6258 8.585 91.19 6.453 93.34 0.8648 98.92
31 11 3.6304 8.62 91.15 6.442 93.35 0.8636 98.94
31 12 3.6351 8.658 91.11 6.421 93.37 0.8603 98.96
31 13 3.64 8.699 91.07 6.384 93.41 0.8473 98.96
31 14 3.6449 8.74 91.03 6.34 93.47 0.8269 98.96
31 15 3.65 8.782 90.99 6.3 93.51 0.8036 98.98

31 16 3.6551 8.822 90.95 6.27 93.53 0.7815 99.02



V-*V-2 J-1--J Wave- M92 M98 M99
V J length T/o R T% R% T% R%

31 17 3.6604 8.86 90.92 6.234 93.56 0.7576 99.06
31 18 3.6657 8.892- 90.89 6.178 93.61 0.7304 99.08
32 8 3.681 8.968 90.8 6.048 93.74 0.6844 99.09
32 9 3.6856 8.993 90.77 6.044 93.75 0.6834 99.11
32 10 3.6902 9.016 90.74 6.037 93.75 0.6775 99.13
32 11 3.695 9.041 90.72 6.016 93.77 0.6638 99.15
32 12 3.6998 9.065 90.69 5.987 93.8 0.6519 99.16
32 13 3.7048 9.092 90.67 5.957 93.83 0.6525 99.14
32 14 3.7099 9.117 90.65 5.933 93.86 0.6665 99.11
32 15 3.7151 9.13 90.64 5.921 93.88 0.6791 99.09
32 16 3.7203 9.123 90.66 5.924 93.88 0.6754 99.12
32 17 3.7257 9.103 90.69 5.936 93.89 0.6599 99.18
32 18 3.7312 9.089 90.72 5.939 93.9 0.6493 99.24
33 8 3.7474 9.08 90.77 5.898 93.98 0.6562 99.24
33 9 3.7521 9.053 90.8 5.904 93.98 0.6448 99.25
33 10 3.7569 9.02 90.84 5.916 93.96 0.6326 99.26
33 11 3.7618 8.986 90.88 5.93 93.93 0.6268 99.25
33 12 3.7667 8.953 90.92 5.948 93.91 0.6274 99.21
33 13 3.7718 8.916 90.95 5.975 93.88 0.6298 99.18
33 14 3.777 8.87 90.99 6.016 93.83 0.6298 99.18
33 15 3.7824 8.814 91.04 6.064 93.79 0.6287 99.19
33 16 3.7878 8.746 91.1 6.107 93.74 0.6308 99.2
33 17 3.7933 8.668 91.18 6.142 93.71 0.6382 99.2
33 18 3.799 8.588 91.27 6.181 93.67 0.6472 99.19
34 8 3.8162 8.416 91.44 6.397 93.45 0.6717 99.19
34 9 3.821 8.373 91.49 6.464 93.38 0.6919 99.18
34 10 3.8259 8.324 91.54 6.533 93.31 0.7146 99.15
34 11 3.8309 8.262 91.6 6.61 93.23 0.7314 99.13
34 12 3.836 8.186 91.68 6.697 93.15 0.7368 99.1
34 13 3.8412 8.105 91.76 6.791 93.07 0.7374 99.08
34 14 3.8466 8.03 91.84 6.887 92.99 0.7425 99.08
34 15 3.852 7.969 91.91 6.981 92.9 0.7577 99.11
34 16 3.8576 7.913 91.97 7.084 92.8 0.78 99.13
34 17 3.8633 7.854 92.03 7.206 92.67 0.8048 99.12
34 18 3.8691 7.787 92.09 7.35 92.52 0.8267 99.08
35 8 3.8874 7.527 92.33 7.899 91.95 0.851 98.95
35 9 3.8923 7.481 92.37 8.057 91.78 0.873 98.93
35 10 3.8973 7.453 92.39 8.219 91.6 0.9113 98.91
35 11 3.9025 7.428 92.41 8.391 91.42 0.9577 98.89
35 12 3.9077 7.387 92.45 8.569 91.24 0.9999 98.85
35 13 3.9131 7.328 92.51 8.767 91.04 1.037 98.8
35 14 3.9186 7.267 92.57 8.989 90.83 1.076 98.74
35 15 3.9242 7.223 92.62 9.248 90.58 1.124 98.68
35 16 3.93 7.197 92.65 9.544 90.29 1.186 98.62



V-WV-2 J-1-->J Wave- M92 M98 M99
V J length T% R% T% R% T%/O R%

35 17 3.9358 7.18 92.68 9.856 89.98 1.259 98.57
35 18 3.9418 7.161 92.71 10.19 89.67 1.347 98.52
36 8 3.9612 7.074 92.82 11.37 88.54 1.698 98.23
36 9 3.9663 7.061 92.84 11.72 88.2 1.795 98.13
36 10 3.9715 7.063 92.84 12.11 87.82 1.888 98.03
36 11 3.9767 7.075 92.83 12.51 87.42 1.98 97.94
36 12 3.9821 7.089 92.82 12.94 86.99 2.083 97.85
36 13 3.9877 7.094 92.82 13.41 86.52 2.208 97.73
36 14 3.9933 7.097 92.81 13.91 86.02 2.351 97.59
36 15 3.9991 7.111 92.8 14.48 85.45 2.518 97.42
36 16 4.005 7.145 92.77 15.11 84.82 2.703 97.23
36 17 4.011 7.187 92.74 15.8 84.13 2.904 97.01
36 18 4.0172 7.22 92.71 16.57 83.36 3.122 96.79
37 8 4.0379 7.353 92.58 19.48 80.45 3.938 96.01
37 9 4.0431 7.42 92.51 20.3 79.62 4.165 95.79
37 10 4.0484 7.48 92.44 21.19 78.72 4.392 95.55
37 11 4.0538 7.526 92.39 22.16' 77.74 4.618 95.3
37 12 4.0594 7.569 92.34 23.23 76.66 4.857 95.02
37 13 4.0651 7.623 92.28 24.4 75.49 5.119 94.74
37 14 4.0709 7.699 92.19 25.68 74.21 5.409 94.45
37 15 4.0768 7.794 92.09 27.06 72.83 5.71 94.18
37 16 4.0829 7.907 91.97 28.54 71.34 6.005 93.9
37 17 4.0891 8.03 91.84 30.12 69.76 6.277 93.64
37 18 4.0954 8.156 91.71 31.8 68.07 6.531 93.38
38 8 4.1175 8.603 91.23 38.46 61.36 7.363 92.44
38 9 4.1229 8.746 91.08 40.27 59.54 7.57 92.24
38 10 4.1283 8.9 90.92 42.13 57.66 7.772 92.04
38 11 4.1339 9.064 90.75 44.11 55.66 7.968 91.83
38 12 4.1396 9.235 90.57 46.18 53.58 8.155 91.61
38 13 4.1455 9.421 90.38 48.38 51.38 8.349 91.38
38 14 4.1515 9.625 90.17 50.66 49.09 8.558 91.18
38 15 4.1576 9.849 89.94 53.01 46.72 8.79 90.99
38 16 4.1639 10.1 89.69 55.43 44.28 9.045 90.79
38 17 4.1703 10.36 89.41 57.87 41.83 9.317 90.53
38 18 4.1768 10.65 89.11 60.27 39.4 9.606 90.24
39 8 4.2004 11.79 87.89 67.83 31.69 10.83 89.04
39 9 4.2059 12.1 87.55 69.19 30.3 11.18 88.68
39 10 4.2115 12.43 87.18 70.38 29.08 11.58 88.27
39 11 4.2173 12.79 86.79 71.42 28.02 12.01 87.82
39 12 4.2232 13.14 86.4 72.29 27.15 12.47 87.35
39 13 4.2292 13.51 86.01 73.01 26.43 12.95 86.85
39 14 4.2354 13.9 85.6 73.64 25.82 13.47 86.29
39 15 4.2417 14.32 85.17 74.17 25.31 14.03 85.67
39 16 4.2481 14.8 84.69 74.54 24.96 14.64 84.99



V--V-2 J-1--.J Wave- M92 M98 M99
V J length T% R% T% R% T% R%

39 17 4.2547 15.34 84.16 74.62 24.91 15.35 84.22
39 18 4.2614 15.96 83.56 74.33 25.23 16.19 83.37

40 8 4.2867 18.46 81.15 71.87 27.75 20.31 79.27
40 9 4.2924 19.09 80.53 71.19 28.43 21.48 78.1
40 10 4.2982 19.79 79.84 70.43 29.19 22.78 76.82
40 11 4.3041 20.55 79.09 69.61 30.02 24.23 75.38
40 12 4.3102 21.37 78.27 68.7 30.93 25.88 73.74
40 13 4.3164 22.24 77.4 67.75 31.89 27.71 71.89
40 14 4.3228 23.18 76.47 66.76 32.9 29.78 69.79
40 15 4.3293 24.18 75.48 65.75 33.92 32.09 67.44
40 16 4.3359 25.25 74.42 64.76 34.94 34.66 64.84
40 17 4.3427 26.41 73.28 63.77 35.96 37.54 61.94
40 18 4.3497 27.67 72.05 62.79 36.97 40.75 58.7



Table AII.2 Measured transmittance and reflectance of dielectric mirrors for calculated

wavelength of fundamental band CO molecule transitions: V->V-1; J-1 -*J

V--V-1 J-1->J Wave- M92 M98 M99

V J length T% R% T% R% T% R%

3 7 4.8454 84.13 15.21 80.19 19.25 95.65 3.059

3 8 4.8548 84.58 14.77 80.35 19.08 95.37 3.354

3 9 4.8644 85.01 14.35 80.45 18.97 95.08 3.658

3 10 4.8741 85.51 13.85 80.51 18.91 94.71 4.034

3 11 4.8839 86.05 13.32 80.5 18.91 94.29 4.449

3 12 4.8938 86.59 12.77 80.43 18.97 93.84 4.885

3 13 4.9038 87.13 12.22 80.3 19.09 93.39 5.319

3 14 4.914 87.66 11.69 80.14 19.25 92.96 5.737

4 7 4.9075 87.29 12.06 80.26 19.13 93.26 5.446

4 8 4.9171 87.83 11.52 80.08 19.3 92.84 5.86

4 9 4.9268 88.4 10.94 79.9 19.5 92.47 6.262

4 10 4.9366 89.02 10.32 79.7 19.69 92.13 6.651

4 11 4.9466 89.63 9.716 79.51 19.89 91.83 7.011

4 12 4.9567 90.18 9.18 79.31' 20.09 91.55 7.328

4 13 4.9669 90.71 8.666 79.11 20.3 91.29 7.601
4 14 4.9773 91.31 8.085 78.87 20.55 91.07 7.833

5 7 4.971 90.94 8.446 79.01 20.39 91.2 7.698

5 8 4.9808 91.58 7.822 78.76 20.65 90.99 7.915
5 9 4.9907 92.29 7.123 78.48 20.94 90.81 8.096
5 10 5.0007 93 6.422 78.22 21.22 90.67 8.243
5 11 5.0108 93.65 5.779 77.98 21.47 90.57 8.353

5 12 5.0211 94.2 5.221 77.78 21.69 90.52 8.42
5 13 5.0315 94.64 4.769 77.64 21.87 90.51 8.439

5 14 5.042 95.04 4.362 77.53 22.01 90.54 8.416

6 7 5.036 94.83 4.576 77.58 21.94 90.52 8.432

6 8 5.0459 95.17 4.224 77.5 22.05 90.55 8.402

6 9 5.056 95.51 3.878 77.44 22.13 90.61 8.362

6 10 5.0662 95.85 3.533 77.42 22.17 90.68 8.312
6 11 5.0765 96.2 3.178 77.41 22.17 90.77 8.229
6 12 5.087 96.49 2.894 77.44 22.13 90.87 8.127
6 13 5.0975 96.76 2.619 77.51 22.05 90.97 8.013
6 14 5.1083 96.98 2.398 77.61 21.93 91.07 7.931

7 7 5.1025 96.87 2.505 77.55 21.99 91.02 7.97

7 8 5.1127 97.08 2.297 77.68 21.87 91.13 7.89

7 9 5.1229 97.27 2.113 77.84 21.71 91.27 7.768

7 10 5.1333 97.43 1.95 78.04 21.52 91.48 7.555

7 11 5.1438 97.58 1.797 78.29 21.27 91.67 7.333
7 12 5.1544 97.69 1.681 78.56 21.01 91.63 7.355

7 13 5.1652 97.79 1.58 78.91 20.67 91.3 7.714
7 14 5.1761 97.88 1.503 79.28 20.29 91.04 8.019

8 7 5.1707 97.84 1.535 79.11 20.47 91.12 7.919



V->V-1 J-1--,J Wave- M92 M98 M99
V J length T/o R% T R% T% R%

8 8 5.181 97.91 1.474 79.46 20.12 91.07 8.004
8 9 5.1914 97.96 1.425 79.83 19.76 91.49 7.612
8 10 5.2019 98 1.384 80.27 19.31 92.16 6.961
8 11 5.2126 98.03 1.355 80.78 18.8 92.57 6.521
8 12 5.2235 98.05 1.335 81.29 18.28 92.66 6.393
8 13 5.2344 98.06 1.32 81.88 17.68 92.66 6.36
8 14 5.2455 98.06 1.31 82.5 17.04 92.77 6.26
9 7 5.2404 98.06 1.314 82.19 17.36 92.7 6.321
9 8 5.2509 98.06 1.31 82.77 16.77 92.84 6.198
9 9 5.2615 98.04 1.321 83.37 16.16 93 6.055
9 10 5.2723 98.01 1.345 83.96 15.56 93.12 5.943
9 11 5.2831 97.97 1.377 84.63 14.88 93.22 5.826
9 12 5.2942 97.94 1.395 85.31 14.19 93.33 5.691
9 13 5.3053 97.92 1.399 85.98 13.5 93.46 5.537
9 14 5.3166 97.9 1.409 86.72 12.75 93.63 5.377
10 7 5.3119 97.91 1.403 86.41 13.06 93.56 5.44
10 8 5.3225 97.88 1.423 87.1 12.37 93.72 5.311
10 9 5.3333 97.85 1.454 87.73 11.72 93.87 5.215
10 10 5.3443 97.81 1.486 88.43 11.01 94.01 5.104
10 11 5.3554 97.8 1.498 89.13 10.31 94.11 4.963
10 12 5.3666 97.8 1.494 89.88 9.559 94.21 4.796
10 13 5.378 97.8 1.49 90.54 8.901 94.31 4.667
10 14 5.3895 97.79 1.494 91.16 8.275 94.44 4.577
11 7 5.3851 97.8 1.492 90.94 8.5 94.4 4.606
11 8 5.3959 97.79 1.497 91.54 7.891 94.53 4.531
11 9 5.4069 97.78 1.5 92.12 7.303 94.64 4.458
11 10 5.4181 97.77 1.496 92.68 6.732 94.71 4.376
11 11 5.4294 97.77 1.485 93.22 6.183 94.77 4.291
11 12 5.4408 97.77 1.468 93.76 5.615 94.83 4.207
11 13 5.4524 97.78 1.444 94.22 5.127 94.89 4.141
11 14 5.4641 97.8 1.406 94.68 4.637 94.92 4.086
12 7 5.4601 97.79 1.42 94.53 4.795 94.92 4.102
12 8 5.4711 97.83 1.377 94.93 4.374 94.92 4.061
12 9 5.4823 97.87 1.329 95.29 4.001 94.89 4.036
12 10 5.4937 97.9 1.287 95.62 3.663 94.85 4.03
12 11 5.5052 97.92 1.266 95.85 3.419 94.82 4.048
12 12 5.5169 97.93 1.241 96.06 3.207 94.81 4.098-
12 13 5.5287 97.98 1.192 96.24 3.026 94.81 4.188
12 14 5.5406 98.04 1.123 96.38 2.879 94.79 4.307
13 7 5.537 98.02 1.146 96.34 2.922 94.8 4.266
13 8 5.5482 98.07 1.089 96.43 2.824 94.75 4.376
13 9 5.5596 98.09 1.064 96.44 2.801 94.65 4.476
13 10 5.5712 98.07 1.072 96.37 2.854 94.5 4.552
13 11 5.5829 98.06 1.074 96.26 2.945 94.33 4.65



V--V-1 J-1--*J Wave- M92 M98 M99

V J length T%/o R% T1/o R% T% R%

13 12 5.5948 98.09 1.03 96.16 3.033 94.21 4.795

13 13 5.6068 98.14 0.9616 96.04 3.141 94.11 4.974

13 14 5.619 98.17 0.9132 95.86 3.317 93.98 5.16

14 7 5.6158 98.17 0.9211 95.92 3.264 94.01 5.115

14 8 5.6272 98.18 0.9054 95.69 3.487 93.86 5.276

14 9 5.6389 98.16 0.9138 95.37 3.796 93.68 5.438

14 10 5.6507 98.15 0.9196 95.03 4.132 93.5 5.584

14 11 5.6626 98.16 0.9076 94.69 4.472 93.36 5.719

14 12 5.6747 98.17 0.8927 94.33 4.828 93.25 5.846

14 13 5.687 98.16 0.8925 93.94 5.215 93.17 5.972

14 14 5.6994 98.14 0.9118 93.52 5.63 93.1 6.092

15 7 5.6966 98.14 0.9075 93.59 5.56 93.11 6.073

15 8 5.7083 98.11 0.9356 93.19 5.948 93.05 6.173

15 9 5.7201 98.06 0.9747 92.78 6.364 92.99 6.259

15 10 5.7321 98.01 1.015 92.37 6.775 92.92 6.31

15 11 5.7443 97.97 1.047 91.95 7.197 92.85 6.313

15 12 5.7567 97.95 1.067 91.47 7.682 92.78 6.258

15 13 5.7692 97.92 1.087 91.01 8.143 92.75 6.188
15 14 5.7818 97.87 1.137 90.53 8.633 92.79 6.145

16 7 5.7795 97.89 1.122 90.64 8.522 92.77 6.149
16 8 5.7914 97.81 1.194 90.21 8.956 92.88 6.143
16 9 5.8035 97.72 1.28 89.82 9.361 93.04 6.127

16 10 5,8157 97.64 1.359 89.42 9.76 93.2 6.012
16 11 5.8281 97.57 1.409 89.07 10.1 93.33 5.796

16 12 5.8407 97.5 1.462 88.69 10.45 93.48 5.526
16 13 5.8535 97.4 1.534 88.31 10.8 93.68 5.328

16 14 5.8664 97.26 1.632 87.89 11.17 93.93 5.168

17 7 5.8645 97.27 1.624 87.92 11.14 93.91 5.18
17 8 5.8767 97.14 1.703 87.55 11.46 94.1 5.014

17 9 5.889 97.04 1.744 87.24 11.7 94.19 4.768
17 10 5.9015 96.96 1.763 86.98 11.89 94.19 4.45

17 11 5.9142 96.85 1.802 86.71 12.08 94.18 4.08
17 12 5.927 96.68 1.898 86.43 12.28 94.23 3.737

17 13 5.94 96.49 2.019 86.16 12.49 94.35 3.428
17 14 5.9532 96.34 2.112 85.92 12.69 94.51 3.139

18 7 5.9518 96.35 2.107 85.94 12.68 94.5 3.161

18 8 5.9642 96.27 2.145 85.76 12.84 94.66 2.903
18 9 5.9768 96.23 2.147 85.64 12.95 94.9 2.628

18 10 5.9895 96.21 2.138 85.6 12.99 95.21 2.35

18 11 6.0024 96.18 2.142 85.62 12.97 95.57 2.092

18 12 6.0155 96.1 2.183 85.65 12.92 95.97 1.818

18 13 6.0288 95.96 2.273 85.63 12.9 96.24 1.612

18 14 6.0422 95.75 2.405 85.55 12.91 96.35 1.456



V--V-1 J-1--J Wave- M92 M98 M99
V J length T/o R T% R% T% R%
19 7 6.0414 95.77 2.394 85.56 12.91 96.35 1.467
19 8 6.0541 95.54 2.533 85.48 12.91 96.33 1.336
19 9 6.0669 95.32 2.646 85.45 12.84 96.16 1.211
19 10 6.0799 95.13 2.724 85.48 12.7 95.89 1.091
19 11 6.0931 94.96 2.772 85.56 12.51 95.58 0.9883
19 12 6.1064 94.83 2.801 85.71 12.28 95.29 0.918
19 13 6.12 94.72 2.818 85.9 12.01 95.03 0.8952
19 14 6.1337 94.65 2.831 86.12 11.75 94.85 0.9452

20 7 6.1335 94.65 2.83 86.11 11.76 94.86 0.9388
20 8 6.1464 94.61 2.84 86.32 11.54 94.77 1.055
20 9 6.1595 94.6 2.833 86.56 11.31 94.71 1.234
20 10 6.1727 94.68 2.779 86.87 11.04 94.65 1.476
20 11 6.1862 94.82 2.674 87.2 10.75 94.56 1.728
20 12 6.1998 95.02 2.529 87.59 10.41 94.45 1.998
20 13 6.2136 95.23 2.384 87.97 10.08 94.33 2.231
20 14 6.2277 95.39 2.272 88.31 9.796 94.22 2.392
21 7 6.228 95.39 2.272 88.31 9.796 94.22 2.392
21 8 6.2412 95.47 2.229 88.56 9.59 94.15 2.448
21 9 6.2546 95.43 2.279 88.71 9.462 94.12 2.375
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